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as in any manner licensing the holder or any other person or corporation, or
conveying any rights or permission to manufacture, use, or sell any patented
invention that may in any way be related thereto,

This report has been reviewed by the Information Office (I0) and is
releasable to the National Technical Information Service (NTIS). At NTIS, it
will be available to the general public, including foreign nations.
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: AFML-TR-75-42
: Volume 1
FOREWORD
l This report was compiled by the Aeronautical Systems Branch,

Systems Support Division, Air Force Materials Laboratory, Wright-
Patterson AFB, Ohfo. It was initiated under Project 7381, "Materials
Applications," Task 738107, "Corrnsion Control and Failure Analysis,"
with Mr. Fred H. Meyer, Jr. as the Project Engineer. The 1974
Triservice Conference is a follow-up to three similar conferences held
in 1967, 1968, and 1972.

The report includes all available papers from the 1974 Triservice
Corrosion of Military Equipment Conference.

This technical report was submitted by the author in February 1975.

E Proceedings of prior conferences are available in AFML Technical

1 Report TR-67-329 (1967) and in Metals and Ceramics Information Center
t . Report MCIC 73-19.
’ <
1 The purpose of the 1974 Conference was to continue interservice
! coordination in the areas of corrosion research and corrosion prevention j ﬂ

and control. Specifically, the objectives were to make Department of |
Defense personnel, contractors and interested individuals aware of the
important corrosion problems in military equipment, to present the status
of significant corrosion research projects currently pursued by the
military services and to provide a general forum for exchange of
corrosion prevention and control information.
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THE AIR FORCE CORROSION AND PREVENTION AND CONTROL PROGRAM

ULIDE (1) Today, I will review the Alir Forces Currosion Prevention and

! Control program, which as I will explain a bit later, has been given the

: rather appropriate name "Rivet Bright". I would like to cover our program
; changes, efforts we have and are making now, and then where we are heading
in the future. I would be the last to represent these endeavors as the
ultimate answer to all ills, But they are a starting point from which we

‘ can improve and expand our efforts. None of us is singlely capable of

i providing a panacea to the many interactive relationships associated with

: the corrosion phenomenon. However, if each of us reason and work together,
] there is hope that the necessary solutions will be found,

_ SLIDE (2) Corrosion is one of the most insideous, costly, and most common

1 destroyers of aerospace systems and equipment in the Alr Force today. It is
indiscriminate as to where and when it stikes and is highly detrimental to the
] operational capability of first line weapon systems and equipment. Corrosion
1 prevention and control is never-ending and cannot be resolved solely by the

1 periodic processing of aircraft and equipment through a depot facility. It

) must, of necevsity, start at the lowest echelons and be routinely practiced on
a regular daily basis, Failure to do so generally results in corrosion
problems of major magnitude and a subsequent costly corrective program.
Corrosion today is causing intolerable costs and maintenance problems in the
field and at overhaul facilities. Effective corrosion prevention programs
vill contribute to stopping its progress before it affects the operational
capability of a weapon system. Incorporation of preventive measures into the
design and development of new systems or equipment before the equipment is
exposed to severe environmental operating conditions will contribute signi-
ficantly to reducing corrosion problems and costly maintenance actions.

SLIDE (3) These vre all real nice words and they definitely relate to a very
serious and costly problem in the Air Force today. To prevent these from
becoming '"buzz words", we want to have a program that dynamically addresses
the problem from systems inception.
Not to make light of the complexities, scope, or effort of our problems,
the real thrust to minimizing the effects of corrosion must come in the
"up-front" consideratiors of the design, development and acquisition processes.
The Air Force must make every effort to reduce support costs in the coming
years if we are to have the necessary dollars to develop and operate a viable
Air Force. To reduce this cost of ownership, adequate considerations as to
the corrosion prevention and control for a weapon system, equipment and
subsystems will contribute sigrificantly to reducing total life cycle costs.,
Withput intelligent and effective designed in corrosion prevention, no amount
of field or depot level efforts will lick the problem. The philosophy and ;
direction of todays AF corrosion program is now receivirg ever increasing ¥
importance, and I can assure you, emphasis at all levels of command and manage- 3

ment. ﬁ

SLIOE (4) To illustrate the range and the magnitude of the corrosion vroblem,

let me cite a few facts ard figures.
2
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t « It has often been thought or assumed that our depot work, and costs,
were causpd by wear out or structural repair. This isn't the case anymore -

| Actually upwards of %60 of the FY 75 structural repair and replacement
manhours was causec by, or related to, corrosion.

__
]
Sl BN T it et

= To cite a few specific aircraft systems, the Air Force Logistics
Command has spent

- 31 million dollars on corrosion rework of the C-130 during FY 73/7,
- 12 million on the C-141 during the same period {

= over 2 million on corrosion of the F=4 in FY 7,
= another 2 million on the F-111 during FY73

- and now, 7 million dollars is being spent to repair corrosion damage
on the B-52G force just to prevent major structural repair at the next PDM. i

If I may stretch a speakers prerogative just a bit, let me highlight some
exarples that make up our corrosion losses:

in the nose vwheel-well of an older fighter aircraft. Similar installations

t SLIDE (5) In the area of electronics - this relay box was installed unprotected }
¥, are in our fleets of first line aircraft and still causing serious problems., ’1
! :

SLIDE (6) This antenna was installed on an ECM pod - it had been held in a ]
readiness condition (but never been used) and I doubt very much that it 5
b would be very effective as a penetration aid for a fighter attack force.

; SLIDE (7) Switching to Maintenance Structures-this is a C-130 longeron end
- fitting discovered during programmed depot maintenance.

SLIIE (8) This condition was found under a helicopter cabin floor - over and
above the visual findirg, it also relates to very poor maintenance and
housekeeping.

SLIIE (9) This was a structural member of a transportable airborne battlefield
command post. Rehabilitation costs are approaching initial costs.

SLIDE (10) I certainly would hate to be a downed flier depending on this hoist
during a crunch type situation.

SLIDE (11) Storage is an often forgotten area. i
- This outer wing spent three years in outside storage - this was found |
on the outside of the wing rendering it quite useless until repaired. ¥

SLIDE (12) This diesel engine was used for about 6 hours then stored in sunny
California for a year. You could have given it a good wash job with the
quantity of water found inside.

.
P = 1

SLIDE (13) This shows corrosion deter%oration war reserve material. This is
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as you can surmise, but a small sampling. I only have dwelt on this with you
to emphsis that ococurances of this nature must be reduced and prevented now,
not several years hence. We just don't have the resources available to us,
either in the O/M, or acquisition pocketbooks to let it continue.

SLIDE (14) The Air Force Corrosion Prevention and Control program, has as its
goal "The reduction of the deterioration by corrosion to aerospace systems,
equipment and components". And as the design allowable criteria of our
materials become more restrictive, corrosion prevention emphasis becomes more
important. To increase awareness and the overall emphasis on the corrosion
program, it was given the official nick-name, "Rivet Bright". Someone
apparently felt that it symbolized a clean, sound weapon system that is
corrosion free and operationally ready. Our intention is to use "Rivet Bright"
to highlight and identify the impact corrosion has on the Air Force mission,
vhat is is costing us, and what we can do to correct the situation,

SLIDE (15) Our corrosion program is still in the throes of re-vitalization,
expansion and improvement, Summarizing briefly, these changes include:

- redirecting a major portion of the program to a philosophy of prevention
rather than control - remembering the old saying "an Ounce of Prevention".

= clarifying program objectives so that we're all headed in the same
direction.

- expanding Air Staff involvement, responsibilities and response to insure
that the program gets the visibility and support it requires.

= directing the establishment of corrosion prevention advisory boards for
all new major weapon systems, including prototype, before the design is
finalized and full scale development begins.

= identifying actions to insure corrosion prevention requirements are
included in new system and modification programs.

- enhancing the exchange of technical and management information to insure
that the latest state-of-the-art corrosion technology is available and used.

- expanding ATC training emphasis on corrosion prevention and control in all
maintenance, logistics and supply curricula.

Without detailing the policies and procedures of Rivet Bright,

SLIDE (16) it will suffice to say that all levels of management and sommand
will become involved. We want to:

- insure that operational units have weapons and equipment as corrosion free
as ve can give them.

- minimize the impact of corrosion on our maintenance capabilities
L




rod. ::o QUr resources, both dollars and psople power, in the most
productivesmanner.

= have continuous gomunicetion with industry and with other services

to promote technological advancements and to adopt such advancements to Air
Force use.

= assure corrosion prevention technology is included throughout the design,
development, fabrication, operation, and maintenance activities of a systen
life oycle.

SLIDE (17) As I said, particular emphasis must, and will be directed toward
incorporating corrosion prevention into the acquisition process through

vhat ve refer to now as "Up-Front logistics™. This embodies the various
programs and techniques utilized during acquisition of systems and equipments

Yo consider and minimize the downstream costs of ownership. Of major importance
in regards to corrosion is the feedback of design or material deficiencies
uncovered in operational systems and equipments so that they can be minimized
or eliminated in future designs.

We must insure that corrosion prevention and control is given adequate
consideration from the start, even in protype development. Industury and
Government cannot in the interest of minimiging prototype costs, delay the
inclusion of corrosion protection in early design studies for it will heavily
burden future operating costs of the system., The implementation of corrosion
prevention advisory boards is one way to insure that such technical considerations
are made,

While I feel that we now have "Rive Bright" headed in the right direction,
and have optimistic hopes for its future, I didn't intend to leave you with
the feeling that we're just beginning our efforts - To the contrary, a great
mny things have been and are going on - each of which has had a direct
influence on changing the philosophy and attack of the program.

SLIDE (18) In addition to revising the regulation governing the corrosion
program, which was published on 18 October;

- a HQ USAF OPR has been established to respond to the needs of the program
and insert Front-end Logistics considerations.

= An AF standard for materials and processes for corrosion prevention
and control has been drafted and will be going through coordination shortly,

= offorts have been undervay to establish corrosion prevention advisory
boards for the ACF and AMST and the ACF board is now being formed.

- an excellent iraining film for corrosion has been made and distributed

= joint AFIC/AFSC command corrosion surveys have been performed for most
major commands

= PACER LIME, a corrosion se;erity classification project has been undervay
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since 1972,

[}
- productive meetings and exchanges of information have been held both
in this country and the United Kingdom with our friends in the RAF

- a mjor effort has been launched by the commands, and fully supported
by the Air Staff, for acquisition of new/modernized corrosion gontrol
facilities

- a long term test and evaluation of dessert storage procedures has
been completed

- the general series technical orders relating to corrosion were revised
and subsequently updated - CEM and Storage are in progress

= extensive materials research and field test programs have been
initiated

= initial efforts to develop a corrosion data prediction system has been
started

These are all highly productive and beneficial efforts, - But they are only 1
the beginning. I would like to reiterate, if we are to reduce those hundreds i
of millions of dollars corrosion is costing the AF each year, a lot more has :
to be done, and without much more delay. ]

SLIDE (19) Let me mention several areas where I feel .we must take initiative
and start something moving. We musts

= include the requirements for corrosion prevention considerations for a
weapon system in all primary acquisition regulations

= identify and define critical areas in Rivet Bright, and establish the
priorities to obtain the necessary resources

= develop adequate corrosion programs for syrtems and equipment other than
aircraft/missiles - eg avionics/electronics, vehicles, AGE

- foster joint service coordination and interfacing in the methodologies
of corrosion program management ard reduce any unnecessary duplication.

- in addition to predictive efforts, develop a viable and productive
corrosion data system for the prevention, contr.,l and repair of corrosion
damage on all systems and equipment.

- motivate industry to develop and use materials an techniques that
are productive in preventing and reducing corrosion

- and lastly, establish a direct positive interface between those programs
and technologies that have such an important influence on each other - namely

corrosion, NDI and ASIP 6
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SLIDE (20) In conclusion, I submit that these are the challenges of the present
and the future. In the past we concerned nurselves with controlling corrosion
Just so we could keep our heads above water. To continue on such a path is

cost prohibitive. 7Today the pendulum is moving toward emphasis on prevention

as the best and most cost effective means of controllirg corrosion. To
accomplish our goals, it will require the development and implementation of
techniques which will provide incentives to improve the corrosion protection

of a weapon system; optimize resource management; and resolving the conflict
between design-to-cost goals and the trade-off flexibility required to reduce
the cost of ownership. The need and the task is there - Now all that is required
is for us to get busy and get it done.
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ATC CORROSION CONTROL

TODAY I WANT TO GIVE YOU A GENERAL IDEA OF THE BASIS FOR THE ATC
CORROSION CONTROL EFFORT BY DESCRIBING OUR FLEET AND SOME OF ITS
CHARACTERISTICS AND FOLLOW THAT WITH A COUPLE OF PROBLEMS WHICH
HAVE BEEN ABSORBING OUR TIME AND EFFORT.

THE FLEET

WHEN SOMEONE MENTIONS A MAINTENANCE PROBLEM THAT AIR TRAINING COMMAND
IS HAVING, YOU MAY CHUCKLE TO YOURSELF AND WONDER -- NOW WHAT SORT OF
PROBLEM COULD ANYONE HAVE ON AIRCRAFT AS SMALL AND UNSOPHISTICATED AS
THE T-37 AND T-38? WELL, LET ME ASSURE YOU THAT WHAT WE MAY LACK IN
SIZE OF OUR AIRCRAFT IS MORE THAN OFFSET BY SHEER NUMBERS. THE
PARKING RAMPS AT OUR UPT BASES ARE LITTERED WITH TINY AIRPLANES -~
EACH FLYING TRAINING WING OWNS FROM 165 TO 200 OF THE PRIMARY
TRAINERS; AND, AS YOU WELL KNOW, CORROSION IS NOT A PROBLEM THAT
DEPENDS ON THE COMPLEXITY OF A WEAPON SYSTEM.

THE T-38 IS BUILT FROM A VARIETY OF MATERIALS -- STEEL, MAGNESIUM,
TITANIUM, AND OVER 10 DIFFERENT ALUMINUM ALLOYS. WHILE THIS VARIETY
OF METALS IS NOT UNIQUE, THE FACT THAT IT IS PACKAGED IN SUCH A SMALL
AIRCRAFT WITH LIMITED ACCESSIBILITY MAKES CORROSION CONTROL ON THE
T-38 NO SMALL MATTER.

ALTHOUGH WE DO NOT OFFICIALLY PAINT AIRCRAFT FOR APPEARANCE, ONE LOOK
AT A "STRIPPED" '38 WOULD MAKE YOU THINK THAT IF AN EXCEPTION IS EVER
MADE TO THAT RULE, IT WILL BE FOR THE '38. SERIOUSLY, THOUGH, THE
CONSTRUCTION OF THE T-38, WHICH MAKES EXTENSIVE USE OF ALUMINUM
HONEYCOMB, HAS PRESENTED SPECIAL PROBLEMS WHICH WE HAVE JUST BEGUN TO
ADDRESS. MORE ON THAT LATER.

OUR OTHER PRIMARY TRAINER, THE T-37, WAS DELIVERED TO THE AIR FORCE

AS AN ALUMINUM AIRPLANE. THE MAJORITY OF EXTERINR SURFACES ARE CLAD
ALUMINUM, THROUGHOUT THE LONG AND USEFUL LIFE ('F THE T-37 (WHICH DATES
BACK TO 1956) WE EXPERIENCED LITTLE CORROSION TROUBLE. BUT ABOUT FOUR
YEARS AGO, WE COULD FORESEE MAJOR PROBLEMS DEVELOPING ON THE EXTERIOR
OF THE AIRCRAFT, PRIMARILY ON THE AFT SECTION AND EMPENNAGE IN THE
EXHAUST TRAIL. THE CLAD SURFACE WAS BEING ERODED AND PITTING CORROSION
WAS ATTACKING THE BASE METAL, QUITE SEVERELY IN SOME CASES. FOLLOWING
A JOINT AFLC/ATC FLEET SURVEY, THE DECISION WAS MADE TO PAINT THE T-37
TO HALT THE CORROSION AND ADD MORE YEARS OF USEFUL LIFE TO THE AIRFRAME.
THE CHOICE OF A PAINT SCHEME BECAME A CONTROVERSIAL MATTER, WITH ALL
CONCERNED AGENCIES MAKING RECOMMENDATIONS. FINALLY, A PLAIN WHITE PAINT

SCHEME WAS CHOSEN.

29 proceding page Mank
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SO, NOW EACH WING OWNS AT LEAST 165 TINY AIRPLANES WHICH ARE PAINTED
AS A PRIMARY MEANS OF CORROSION PREVENTION. EACH WING HAS ONE
CORROSION FPACILITY FOR STRIPPING, COMPLETE REPAINTING, AND MAJOR
TOUCHUP OF THESE AIRCRAPFT.

THE COMPLETE STRIPPING, CORROSION TREATMENT, AND REPAINT OF A T-37

OR T-38 REQUIRES FIVE FULL WORKDAYS TO COMPLETE. ON A SMOOTH,
UNINTERRUPTED SCHEDULE, EACH AIRCRAFT CAN BE BROUGHT IN FOR A COMPLETE
GOING~-OVER ONLY APPROXIMATELY ONCE EVERY FOUR YEARS. THAT REALLY
STRETCHES THE EFFECTIVE SERVICE LIFE OF ANY PAINT FILM, PARTICULARLY
ON A SUPERSONIC AIRCRAFT LIKE THE T-38. WE HAVE TO MAINTAIN TIGHT
SCHEDULES. EVEN SO, THE, RANDOLPH SHOP MANAGED TO COMPLFTE THE FIRST
T-38 TRANSFERRED TO THE/THUNDERBIRDS.

THE PROBLEMS

WITH THAT BACKGROUND, YOU CAN IMAGINE THE IMPACT OF THE RECENT SHORTAGE
OF POLYURETHANE PAINT. SOME BASES WERE WITHOUT PAINT, WITH THE EXCEPTION
OF RESERVES FOR MINOR TOUCHUP, FOR SIX WEEKS. IN A SITUATION LIKE THIS,
NOT ONLY ARE THOSE AIRCRAFT CURRENTLY IN DIRE NEED OF TREATMENT DELAYED,
BUT ALL THOSE PURTHER DOWN THE LINE ARE POSTPONED AND SUFFER THE
CONSEQUENCES. WE FOUND THAT WHILE THE MIL SPEC PAINT WAS NOT AVAILABLE
AT GSA, IT WAS AVAILABLE FROM THE SAME COMMERCIAL SOURCES THAT SUPPLY
GSA, ALTHOUGH AT A HIGHER PRICE. WE FEEL THAT PROBLEMS OF THIS SORT
COULD BE AVOIDED OR TEMPERED BY A PROVISION FOR A LONG LEAD WARNING OF
IMPENDING SHORTAGES. EVEN THOUGH CORROSION PREVENTION IS MUCH CHEAPER
THAN CORROSION CORRECTION, IT IS GOING TO COST A GREAT DEAL MORE IN THE
mm.

THE IMMEDIACY OF THE PAINT SHORTAGE IS, I FEEL, FAR OUTWEIGHED BY AN :
INSIDIOUS PROBLEM WHICH HAS JUST BEGUN TO SURFACE. THIS PROBLEM IS k
PECULIAR TO HONEYCOMB STRUCTURES; AND, IN THE T-38, THAT'S SERIOUS.

FOR A LONG TIME NOW, WE'VE HAD TO WATCH HONEYCOMB VERY CLOSELY. SKIN- |
TO~-CORE DISBOND OF HONEYCOMB HAS CAUSED THE FAILURE OF STRUCTURAL

COMPONENTS SUCH AS THE WING TIP. WHEN THE WING TIP FAILS AND LEAVES

THE AIRCRAFT, IT CAUSES FURTHER DAMAGE TO THE FUSELAGE AND RUDDER

IN ADDITION TO JEOPARDIZING THE AIRCRAFT AND CREW. THE WING TIP PROBLEM

INTRODUCED US TO THE SPECIAL PROBLEMS OF HONEYCOMB AND LED US INTO A

SEARCH FOR NDI METHODS TO DETECT DELAMINATION. THE RESULT WAS THAT WE

INTRODUCED TO THE AIR FORCE INVENTORY THE COMMERCIAL SONDICATOR FOR

HONEYCOMB INSPECTION. WE DIDN'T KNOW IT AT THE TIME, BUT DELAMINATION

IS A SYMPTOM OF OTHER PROBLEMS AND NOT NECESSARILY A PROBLEM BY ITSELF.
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INCOMPLETE OR POOR BONDS BETWEEN THE SKIN AND CORE OF A HONEYCOMB PANEL
ALLOWS THE INTRODUCTION OF WATER VAPOR TO THE CORE. THE WATER VAPOR !
CONDENSES AND OVER A PERIOD OF TIME, THE CORE FILLS WITH WATER AND A !
VARIETY OF FAILURES RESULT: ;




A. THE MOISTURE CORRODES THE SKIN BETWEEN THE SKIN AND ADHESIVE
AND DEGRADES THE BOND OVER A LARGE ENOUGH AREA TO CAUSE STRUCTURAL
FAILURE.

B. THE MOISTURE CAN FREEZE AT ALTITUDE AND CRUSH THE CORE AND
DELAMINATE LARGE AREAS OF THE PANEL. THIS HAS HAPPENED ON THE RUDDERS
OF SEVERAL T-38'S AND CAUSED THE LOSS OF A NUMBER OF RUDDERS.

C. THE MOISTURE SETS UP CORROSION IN THE HONEYCOMB MATERIAL ~-- {
ONLY .0007 TO .001 GAGE ALUMINUM AND QUITE HANDILY EATS AWAY THE |
STRENGTH OF THE PANEL WITH NO EVIDENCE OF DELAMINATION. i

D. THE MOISTURE ENCOURAGES THE SKIN TO CORRODE TO THE POINT THAT
HOLES ARE EATEN THRU THE PANEL FROM THE INSIDE OUT -- REGARDLESS OF HOW
FINE A JOB CORROSION CONTROL SPECIALISTS DO.

WE'VE KNOWN FOR A LONG TIME THAT WE HAD SOME MOISTURE IN OUR HONEYCOMB,
BUT IN THE ABSENCE OF AN INEXPENSIVE, RELIABLE INSPECTION METHOD, WE
DIDN'T KNOW HOW MUCH OR WHERE. NOW THAT THE KODAK INDUSTREX RADIO-
GRAPHIC PAPER IS AVAILABLE, WE CAN INSPECT THE ENTIRE HONEYCOMB AREA
OF THE T-38 FOR MOISTURE FOR ABOUT 30 DOLLARS IN MATERIALS. HERE IS
AN EXAMPLE: WE JUST RECENTLY STARTED A SAMPLE INSPECTION OF THE T-38
FLEET USING THE RADIOGRAPHIC PAPER IN AN ATTEMPT TO DETERMINE THE
EXTENT AND SEVERITY OF THE MOISTURE PROBLEM. INITIAL RESULTS SEEM TO
INDICATE THAT IT IS NOT THE CLIMATE OF THE AREA WHERE THE AIRCRAFT IS
LOCATED OR THE CARE IN HANDLING AND TREATMENT IT GETS THAT AFFECTS THE
MOISTURE PROBLEM. WE SUSPECT THAT IT IS THE BASIC MANUFACTURING PROCESS
THAT PERMITS THE INTRODUCTION OF MOISTURE.

IN OUR EFFORTS TO SOLVE OR AT LEAST SOFTEN THIS CORROSION PROBLEM,
WE'VE DONE A LOT OF RESEARCH AND FOUND A DEARTH OF INFORMATION ON
HONEYCOMB AND ITS TREATMENT. ONLY ONE GROUP IS ACTIVELY PURSUING
THE PROBLEM AND THEY ARE HERE AT THE MATERIALS LAB WHERE A LONG RANGE
STUDY AND COMPILATION OF INFORMATION IS UNDERWAY. THEIR RESULTS WILL
BE PUBLISHED IN THE FORM OF A HANDBOOK, I UNDERSTAND, IN A COUPLE OF
YEARS.

IN AN AIRCRAFT WHERE SO MUCH OF THE STRUCTURE IS HONEYCOMB, A SERIOUS
PROBLEM WITH HONEYCOMB CAN CRIPPLT THE FLEET. WITH THE T-38 MARKED
FOR SERVICE 'TIL 1985, WE'VE GOT A REAL CHORE CUT OUT FOR OURSELVES
IN THE SEARCH FOR A SOLUTION TO THE MOISTURE PROBLEM.

1 HOPE I'VE GIVEN YOU AN INSIGHT INTO SOME OF THE CORROSION CONTROL

WORK IN ATC. IF NOTHING ELSE, I HOPE YOU REALIZE NOW THAT THE SIZE
OF AN AIRCRAFT DOESN'T DICTATE THE SIZE OF ITS CORROSION PROBLEMS.
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CORROSION IN AIRBORNE ELECTRONIC COUNTERMEASURES EQUIPMENT

by
Thomas K. Moore, Major, USAF, ASD/ENFSS

James R, Myers, Professor of Metallurgy, AFIT/DET

U. S. involvement in Southeast Asia and the recent Israeli-Arab
War have clearly established the importance of airborne electronic
countermeasures (ECM) equipment. Reliable ECM equipment must be avail-
able if tactical and strategic aircraft operations are to be conducted
effectively with a minimum of losses. Unfortunately, electronic equip-
ment is vulnerable to various forms of mechanical damage; it is also
susceptible to deterioration by an electrochemical process called
corrosion. Corrosion can occur any time the components within an ECM
package are exposed to an aggressive environment, such as humid air
and water. Corrosion damage can frequently be related to the dense
packaging of components in ECM devices which often results in the
intermetallic contact of dissimilar metals; it is compounded by a
general lack of corrosion prevention during fabrication and mainte-
nance. As a result, a wide variety of corrosion forms can occur.
These include: (1) exfoliation (intergranular attack); (2) general
corrosion; (3) concentration cell corrosion; (4) galvanic corrosion;
and (5) pitting attack.

The purposes of this paper are: (1) to examine several typical
examples of corrosion which have occurred in ECM equipment; (2) to
identify the form(s) of corrosion associated with each case; and (3)
to discuss methods of minimizing the problem. Basically, it will
demonstrate that improved manufacturing processes must be used to in-
sure that materials susceptible to corrosion will not come into con-
tact with a corrosive environment.

Waveguides are a typical component of ECM systems; they are gen-
erally fabricated from 6061-T6 aluminum alloy. Because waveguides
can be large structures, they are assembled from sections. This means
that the uncoated waveguide interior can be exposed to an aggressive
environment during shipment, when for example the packaging fails to
provide adequate temporary protection. A typical example of poor pack-
aging is the mere placement of the waveguide section in a polyethylene
bag, secured with a rubber band. Poor packaging will allow moisture
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to come into contact with the bare metal (which is required to obtain
the correct electrical properties inside the waveguide) and corrosion
will result.

The electrical requirement for a bare waveguide interior surface
‘ makes it impossible to coat the inside of the waveguide with an epoxy
E primer (Ref. 1) which would normally be required inside aluminum tubing
[ in aircraft (Ref. 2).

Corrosion, as shown in Figure 1, inside waveguides creates an
insulator (hydrated Al1203) on the surface; this significantly decreases
the efficiency of this electronic component in providing a propagation
path for the microwave energy. Being a portion of the transmitter, the
corroded waveguide results in less energy available for radiation and
a decrease in the effectiveness of the countermeasures system,

Since in this application the use of paints or primers to provide
protection from the environment would result in unacceptable electronic
properties, other protection must be used. The aluminum waveguide must
be isolated from the electrolyte (water). A close fitting, water-
impervious, molded plastic cap to close off the end of the waveguide
would provide such protection and make this uniform attack and pitting
less probable. This low cost protection provides satisfactory isola-
tion of the waveguide. As a result, the expense of replacing this com-
plex-shape waveguide can be avoided.

An array of spiral antennae (Figure 2) is used as a part of the
receiver section of certain electronic countermeasure devices. The
spiral of copper is fabricated by chemically milling (or etching) in
an acid bath. Material not needed to form the spiral i{s removed by
this controlled corrosion process. After being etched in acid the
spiral is encased in plastic. The plastic coating provides excellent
environmental protection by effectively isolating the copper.

Failures of these antennae have been reported in the field after
several months of service. The copper spiral, as shown in Figure 2,
undergoes corrosive attack. Failure analysis established that the
antenna manufacturer had not properly removed all of the etchant from
the copper component's surface. Acid was therefore included along
with the antenna during encapsulation. Replacement of more than one
hundred antennae was necessary to remove the corroded ones from
service.

i A This corrosion experience points out the need for careful process
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FIGURE 1 - Pitting attack and general corrosion of 6061-T6 aluminum ;
alloy waveguide. White colored corrosion products on the 4
surface are a hydrated form of aluminum oxide.
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FIGURE 2

b

General corrosion of copper spiral antenna caused by
acid trapped during encapsulation.

36




control during manufacture, Many large electronic firms buy critical
components from small suppliers who have inadequate knowledge of the
corrosion problems which can be introduced by manufacturing processes.
Small manufacturers should be provided finish-~system requirements;
this may require considerable guidance in order to obtain components
which meet specified requirements.

Crevice corrosion, which occurred in the structure of one elec-
tronic countermeusure pod designed for external carriage on fighter
aircraft, is evident in Figure 3. Galvanic corrosion also occurred
because of the dissimilar alloys which were in intimate contact. The
ring structure of the pod, as indicated by arrow 1, is 17~4PH stain-
less steel; the shell structure pointed out by arrow 2 is 2024 alumi~
num alloy; and the mechanical fasteners in the shell, as indicated by
arrow 3, are AISI 8740 steel.

Corrosion products are visible in the crevice between the
corrosion resistant steel ring and the aluminum sheet structure. The
aluminum alloy shell also shows evidence of some pitting while the
steel fasteners are covered with hydrated ferric hydroxide (FeOOH).

This structural assembly received very little corrosion protection.
Only the aluminum alloy was protected; this was only given a chromate
conversion coating (Ref. 3) evan though dissimilar metals, as defined
by MIL-STD-889 (Ref. 4), are present.

Had the aluminum, and preferably also the 17-4PH stainless steel,
been primed in detail before assembly, and if the alloy steel fasteners
had been installed with wet primer, the corrosion probably would not
have occurred. Electrical isolation of dissimilar metals is generally
required to prevent galvanic corrosion. Currently-used coating systems
provide considerable resistance to electrochemicul attack by isolating
the dissimilar metals and preventing the penetration of the electrolyte
to the corrosion cell.

Numerous failures of socldered connections have been found during
field inspection and repair of printed circuits and other electronic
components. In many instances the failed joints have shown visible
evidence of solder flux residues. This was confirmed by chemical
analysis. 1In corroded solder connections, traces of rosin and of
chloride compounds have been found. While rosin is less corrosive
than zinc or ammonium chlorides, which are commonly used soldering
fluxes, even mild rosin fluxes contain components which when combined
with other electrolytes promote corrosion.
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FIGURE 3 - Crevice corrosion, pitting attack, general corrosion, and
galvanic corrosion of inside ECM pod structure.




Corrosion of soldered connections can be prevented by removing
all flux after soldering. This process control is essential if
corrosion is to be avoided., Methods of removing corrosive solder flux
include vapor degreasing (Ref. 5). Solvents, such as alcohol or ether,
may also be used to remove fluxes from soldered components. Denison
(Ref. 6) has described the problem of improperly cleaned printed
circuit boards and provides information on both the need and methods
of cleaning them.

Another example of corrosion in electronic countermeasure equip~
ment involves bare coaxial connectors. A partially disassembled hard
coaxial connector showing corrosion both inside the connector and on
the aluminum alloy structure adjacent to the connector is shown in
Figure 4. The materials involved here are Type 303S austenitic stain-
less steel (the conmnector nut), 6061-T6 aluminum alloy (the aluminum
frame), and silverplated, copper-coated steel (the central element
in the coaxial cable).

The corrosion inside the connector occurred because water seeped
into the area. Water will penetrate to the central conductor, when
the connector nut is not properly torqued during manufacture or routine
maintenance, When properly torqued the nut will prevent water from
penetrating the connector and providing the electrolyte necessary for
corrosion. Reliability of this ECM system improved after the insti-
tution of stringent quality control measures in manufacturing, includ-
ing the checking of each threaded connector for proper torque values.,

It should also be noted in Figure 4 that exfoliation of the
aluminum alloy, indicated by arrow 2, occurred near the connector nut.
The connector nut was 8o close to the aluminum frame that a drop of
water could bridge the gap between the two components. The presence
of this electrolyte in an area where the chromate coating had been
partially removed from the aluminum alloy frame by mechanical action
during nut installation, served to complete the corrosion cell.

To demonstrate more clearly the nature of the attack which occurs
when a galvanic couple of 6061 aluminum alloy and Type 303S corrosion
resistant steel, metallically-connected specimens of these materials
were exposed by the authors to aqueous environments for extended times.
These 6000 hour tests included exposure to both oxygen-saturated water
and to an oxygen-saturated 3.5% NaCl solution. It is known, but not
widely appreciated, that 6061-T6 aluminum alloy can exfoliate. An
example of exfoliation in this alloy is shown in Figure 5.
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FIGURE 4 -~ Corrosion inside hard coaxial connector. Note that
exfoliation of the 6061-T6 aluminum also occurred near
tlie connector nut.
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FIGURE 5 - Photomicrograph showing exfoliation in 6061-T6
aluminum alloy.




i e

Exfoliation corrosion of the aluminum alloy structure could have
been prevented by designing the connection so that the nut was
physically more distant from the plate, (i.e., so that a drop of water
could not be supported between them). It could also have been avoided
or greatly reduced by the application of a primer coat to the conver-
sion coated aluminum alloy surfaces.

CONCLUSION

The examples of corrosion which have been shown are only a few
of those which have occurred in ECM systems. Since dissimilar alloys
will continue to be used in closely-packed electronic components, it
is vital to provide corrosion protection to these systems. ECM com-
ponent materials are selected on the basis of their electronic pro-
perties; in many cases inherent corrosion resistance is not a materials
selection factor. Environmental protection is therefore mandatory if
corrosinn 18 to be avoided.

Improved manufacturing process control is necessary to avoid the
use of methods which can result in corrosion of the end item in ser-
vice. Thorough removal of corrosive substances such as etchants,
soldering and brazing fluxes, good cleaning practices, and correct
heat treatment of alloys are all effective methods of reducing the
probability of corrosion.

Protective coatings can also provide effective corrosion protec-
tion. Whether they are protective covers and closures for maintenance
use, primers and finish systems for coating structural components,
conformal coatings for circuitry, or hermetrically sealed containers
for particularly critical items, protective coatings help isolate
susceptible materials from hostile environments. Greater use of pro-
tective coatings appears to be a convenient and effective way to
reduce corrosion in ECM equipment.

When ECM equipment is shipped or stored the packing materials
must provide adequate environmental protection. Attention must be
given to providing packaging which provides protection from hostile
environments and yet which is inexpensive and easy to use.

Corrosion can also be avoided by improved design. Features such
as drain holes, seals, careful component placement, and the elimina-
tion of pockets which trap fluids reduce corrosion susceptibility.

A designer's judicious choice of materials and processes, coupled with
his knowledge of and desire to avoid corrosion creating situations
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can greatly increase ECM system reliability and reduce the 1if
cycle cost of this vital military equipmen{. o Hre
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PROTECTIVE COATINGS FOR JET ENGINE COMPRESSOR COMPONENTS

Dr, Martin Weinstein

Turbine Support Division
Chromalloy American Corporation
San Antonio, Texas 78219

ABSTRACT

General corrosion mechanisms of alloy steel jet engine compressor com-
ponents are discussed, Basic emphasis is placed on the effects of oxidation-
aqueous corrosion on compunent integrity and engine performance, The effect of

[ protective coatings will also be discussed both in terms of effectiveness of protec-
i tion as well as engine performance characteristics. Examples of coating perfor-

f mance in such engines as the Pratt and Whitney J-57, Allison/Rolls Royce TF-41

1 and United Aircraft of Canada T400 will be given.

L. INTRODUCTION

.

The excellent performance of the gas turbine engine in commercial and
military aviation is a matter of record. It is questionable whether the extent of
commercial air travel presently taken for granted could have been possible without
the reliability and quality built into the Pratt & Whitney JT3D, JT4 and JT9D, the
G.E. CJ610/CF700 and CF6 and the Rolls Royce Spey and RB21] engines. These
engines have performed remarkably well and have maintained their basic economic
position through many years of service.

1 The characteristics of these engines in combination with their commer-

4 cial air frames, however, vary considerably from those of their military counterparts,
' such as, the Pratt & Whitney J57, J75 and TF33, the G.E. J79, J85 and TF39 and the
Rolls Royce/Allison TF41. These engines in combination with their air frames nor-
mally experience much higher stress levels as well as considerably more severe J
environmental conditions. For this reason, one immediately assumes that more E
complex mechanical designs, as well as without question, superior grade materials

would be used in the military counterpart engines, Although often military hardware E
initially assumes complex geometries as well as utilizes higher grade materials, !
the facts of engineering life-cost, maintainability, and reliability often take prece- ]
dence. ]

Chbu e dhac s alin

The bulk of this paper will be spent describing what can be classified as 4
an engineering approach to the reliability and cost effective design of military jet 1
engine compressor hardware, By utilizing surface treatments such as pack alumi-
nizing, one can produce a component that often can more effectively perform in the {
environmental conditions encountered in severe military missions than more expen-
sive homogeneous materials. Where possible presently utilized designs are |

k5 Preceding page blank




i

described and comparative cost factors are introduced indicating the benefits o
utilizing composite coating-base metal technology rather than designing utilizir.
bulk properties.

II.  MATERIALS USED IN JET ENGINE COMPRESSOR COMPONENTS

In order to help describe the fundamental mechanisms and methods for
prevention of corrosion in jet engine compressors a description of materials used in
present day engines is given. Figure 1 is & schematic of a jet engine compressor
pointing out the placement of rotor blading, rotor spacers, rotor disks, stator vanes
and air seals that make up the assembly. Table 1 gives a summary of the major
materials utilized in conventional gas turbine engine compressors. Rather than
going over detajled metallurgical reasons for the specific use of each material a
short generalized description of each material, enough to aid in the e¢valuation of
corrosion phenomena and related protective coatings is given.

A Description of the Material Applications
(1) Disks and Spacers

AMS 4340 and AMS 6304 are the most often utilized materials for com-
pressor disks and spacers. These are normally used in the forged condition. The
use of very high strength low alloy steels is necessary since these components are
very highly stressed particularly during aircraft takeoff and landing. Disks are
therefore often low cycle fatigue limited. These low alloy steels are obviously ex-
tremely susceptible to marine corrosion damage, therefore, they are almost always
coated. Since these materials lose their strength above 800°F, in new compressors
nickel base alloys such as Inco 718 are often used. Ti-6Al-4V disks are often used
in the cooler front end of the compressor when engine weight is an especially criti-
cal design requirement. Higher temperature titanium disk materials are also being
utilized in some of the newer engines in order to maximize thrust to weight ratios.

(2) Blades, Vanes and Shrouds

AMS 5616 and its counterpart "Greek Ascoloy” along with AMS 355 are
the work horse materials of jet engine, blading and vanes. These stainless steels
possess excellent high temperature fatigue strength along with reasonable process-
ing costs. Where higher temperatures above 900°F are experienced nickel base
alloys such as Inco 718 and Inconel X750 are utilized, These latter materials are
not susceptible to marine corrosion damage as are AMS 5616, AM 355, etc,, how-
ever, they are extremely expensive to fabricate and difficult to repair, They are
also often brazed with expensive braze alloys in hard vacuum and cannot be in-
spected by high resolution flourescent magnetic particle techniques, Titanium alloys
such as Ti-6Al-4V have seen extensive use in fan blades because of their excellent
strength to welight ratios.
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(3) Joining

The welding of 410 type stainless steel stationery non-air flow compo-
nents such as shrouds and cases is accomplished using AMS 5776, 410 base weld-
ing rod, and tungsten inert gas weld techniques. No repair welding other than
electron beam welding of Ti-6Al1-4V fan blades {s permitted on any rotating compo-
nent or stationery airfoil component,

Applicable brazing alloys are shown in Table 1. AMS 4770 braze is used
extensively in the low temperature section of most compressors while AMS 4772 is
! utilized with AMS 5616 stainless steel in slightly more severe and higher tempera-
ture environments, Silver-copper-palladium and gold-nickel brazes are often
utilized in conjunction with nickel base alloys as well as with steel materials
where more severe oxidation-corrosion environments are encountered.

e cbes Sk

III. CORROSION PROTECTION

A large number of coatings are available for the protection of metals
against corrosion damage, In many cases where only surface protection is needed
the visual appearance of the coated part will determine whether adequate protection
has been obtained. More critical requirements will be placed on the coating when
protection must be provided against corrosion related phenomena, Examples of
these corrosion initiated mechanisms are corrosion fatigue, stress corrosion, and
hydrogen induced embrittlement from external environments.

Interpretation of the coating performance in these cases becomes more
complicated. For example, an analysis of degree of protection is not available |
through visual examination. As indicated, martensitic stainless steels are repre- {1
sentative of steels which require protection from corrosion initiated damage partic-
ularly In the application of compressor vanes and blades. Coatings applied to
cyclic stressed martensitic stainless steels must protect against pit formation be-
cause often the stress intensification induced by a corrosion pit can supply the
initiation site for fatigue faflure. Ficure 2ais a photomicrograph indicating how
what appeared to be a protected blade, in this case a NiCad coated 410 stainless
steel J57 blade, has in fact developed corrosion pitting which is consistent with 1 %
possible fatigue stress amplification. As can be seen a small discontinuity in the s
nickel plate lead to the corrosion pit. Figure 2b shows how corrosion occurred
through the slight break in the Ni plate. This is indicated by analyzing the iron
concentration by electron microprobe analysis.

o meim v .

In order to protect 410 stainless steels against temperature and other
environmental conditions developed in jet engine compressors one must consider i
the use of truly sacrificial coatings, i.e. coatings which retain their anodic |
characteristic even after severe oxidation and/or salt corrosion. i
]
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Figure 3 is the electromotive series of various metals and coatings
relative to saturated calomel electrode in 3% sodium chloride solution, It can be
seen that it is desirable to use a coating exhibiting a potential of less than ~0,40
volts for the protection of 410 stainless steels, The patented Chromalloy Al2
coating is such a sacrificial type coating for 410 steels, It has been utilized on
numerous airfoll components of military jet engine compressors., Specific applica-
tions will be described in the next section,

In Tgure 4a it i{s clear that sacrificial corrosion has occurred rather than
pitting corrosion on a component utilizing the Al2 coating. A cross section, Figure
4b, through the coating indicates that only sacrificial corrosion products are formed
on the coating rather than corrosion of the base material, Figure 4c shows the
microprobe analyslis of corrosion products indicating that the coating had corroded
sacrificially to the base material. The sacrificial behavior of the Al2 coating is
very dramatically shown in Figure 5 which is a J57 blade in which the coating has
been removed by grit blasting from the leading edge to mid-airfoil. It is clear that
after salt spray exposure for 120 hours no corrosion is observed on the blade lead-
ing edge, however, substantial corrosion has been encountered on the uncoated
blade.

The A12 coating is a diffusion produced coating in which aluminum vapors
are utilized to form an aluminide on the surface of the part, This type of coating is
an absolute requirement for close tolerance jet engine parts, For example, devia-
tions of as little as half a thousand on a blade or vane airfoll can significantly
affect the performance of a jet engine compressor. Figure 6 {s a cross section
through the leading edge of a J57 airfoll which clearly shows the coating coverage
and uniformity available with the Chromalloy A12 system, Al2 affords an order of
magnitude improvement over that which could be attained by any rpainting or other
overcoat process, Another illustration of the Al2 diffusion coating is shown in the
photomicrograph (Figure 7) of a section through a drilled and tapped hole. Note how
the coating follows the contour of the thread.

Wumerous engine tests on the ]85, CJ610/CF700, TF41, J57 and JT3D
have been carried out utilizing Chromalloy Al2 coated airfoil components, In no
case has performance degradation been encountered, in fact, as will be indicated
in the next section, in numerous cases performance improvements have been en-
countered. As well, initia]l performance characteristics have been maintained
during service due to improved surface conditions and lack of corrosion product
build-up.

The protection of low alloy steels such as AMS 6304 is a much more
difficult problem. As can be seen in Figure 3, aluminum base coatings are only
slightly more anodic than low alloy steels, Aluminum based coatings therefore
often lack significant sacrificial characteristics to protect these low alloy steels
against marine corrosion damage. To protect these materials the TSM coating
utilizing magnesium as the base element has been developed. Magnesium is tied
up in TSM as a complex intermetallic such that only limited sacrificial corrosion
occurs in environments such as would normally actively react with pure magnesium.
Electromotive measurements in 3% sodium chloride solution against a saturated
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calomel electrode indicates a potential of less than -0.9 volts for TSM coated
materfals, Significant testing has been carrlied out indicating that the TSM coating
can protect low alloy G.E. Chromalloy cases, AMS 6304 disks, etc,, in the tem-
perature regime normally experienced by these components., The TSM coating is
compatible with the dimensional requirements of various jet engine components.
For example, the fit tolerances of stator vanes in a casing of the type utilized in
the J85 indicate that less than ,0003" build-up is required to ensure optimum
assembly. In this case again only a diffusion process would meet the tolerance
requirements, the intemal dovetail slot being impossible to coat uniformly by any
standard plating, spray or dip process.

IV, SPECIFIC MILITARY ENGINE APPLICATIONS
(1) United Aircraft of Canada T400 Engine

Figure 8 shows the gas generator case of the T40u engine manufactured by
United Alrcraft of Canada, Limited. The T400 engine which has application on the
UH-1N Iroquois helicopter generates approximately 1,800 shp. The gas generator
casing is the major central body of the engine and comprises an integral diffuser as
well as a central portion of the compressor section. The case contains a multipli-
city of flanges, screw holes, as well as an integral type diffuser. The gas gener-
ator case is a particularly good application for the Al2 coating. It is possible with
the A12 gaseous diffusion process to coat the internal diffuser as well as all tapped
holes and flanges. History on uncoated cases utilized in marine environments in-
dicated significant reductions in performance after 100 to 200 hours of operation.
Recently, an Al2 coated case was flown in the Baltic for more than 5,000 hours
without any performance degradation or attack of the basis material. More than
1,000 gas generator cases have already been coated, Excellent fleld experience
has been reported.

During the initial development period of the T400 engine a study was
made to determine the possibility of fabricating the gas generator case of Inco 718
to eliminate marine corrosion. Although data was generated intermally at UACL, an
independent estimate of the cost of the case indicated a two to three fold increase
if fabricated with Inco 718. Since the 410 stainless case cost is in the vicinity of
$6,000.00, a $6,000 to $12,000 increase in engine cost was estimated. This in-
crease would have been incompatible with total systems costs,

(2) Rolls Royce/Allison TF41 Stator Assembly

Figure 9 is a photograph of a TF41 split compressor stator assembly,
The stainless steel vanes of this assembly have been Al2 coated for approximately
three years. At the inception of the engine program NiCad plating was employed
for corrosion prevention, It was found however, after a relatively short period of
engine service, approximately 100 hours, that due to the high temperatures ex-
perienced by the compressor the Cd sacrificial overplate was oxidized thereby re-
ducing completely its sacrificial behavior. The presence of microscopic defects

L




in the nickel plating consequently produced a severe corrosion pitting condition.
Scrap rates of approximately 35%, as a consequence of corrosion pitting, were
encountered during this period, Since the introduction of the Al2 coating system
pitting scrap rates have continually decreased, More than 700 engine compressors
have been coated with the A)2 coating. The coating did not effect compressor per-
formance. In fact, in a test carried out at the Naval Afr Systems Test Facility,
Newark, New Jersey, five Al2 coated compressors were evaluated relative to un-

i coated compressors., No change in performance was determined which was in con-

l trast to spray coated compressors, similarly tested, where significant reductions
in performance were found,

i (3) Pratt & Whitney Aircraft J57, J75 and TF33 Blades and Vane Shroud Assemblies

The application of the Al2 coating to military Pratt & Whitney engines
was initiated in 1968. Figure 10 is a photograph of some of the components pre-~
sently coated with the Al2 system. Up to the present more than 40,000 vane shroud
. ' assemblies have been coated., Overall engine performance has been shown to im-

3 prove with this coating and pitting corrosion damage has been totally eliminated.
r The scrap rates due to corrosion damage have been reduced to zero from a range of
a $=-15% prior to the application of the A12 coating. The scrap rate on blades due to
corrosion has been reduced from a high of 20% to zero over this period of time. In
excess of 10,000,000 compressor blades have already been coated with Al2,

(4) General Electric ]85 Compressor Stator Assembly

3 The J85 is the most power dense engine presently in the Air Force and
Navy inventory., Because of its extremely tight dimensional requirements, all pre-
vious attempts to coat the airfoils of this engine including complex aluminum vapor
deposition, have failed in the past. In the last two years extensive performance
testing has been carried out on A12 coated J85/CJ610/CF700 compressors. In no

1 case has degradation of the performance of the compressor been found. Also because
] of the extremely tight fit requirements the dovetail slots in the Chromalloy (CrMoV 3
steel) compressor case were masked prior to standard spr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>